Nature exhibits abundant examples of liquid-repellent surfaces[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. The inherent microstructural features of these surfaces are often attributed for such characteristics. Buoyed by their overwhelming applications in several disciplines[@b8][@b9][@b10], there have been an ever-increasing number of attempts to develop artificial liquid-repellant superhydrophobic surfaces by replicating such naturally occurring structural morphology[@b11][@b12][@b13] on to a given substrate. The most common liquid-repellant surfaces are superhydrophobic (or water repelling) surfaces[@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22]. Of late, attempts have been made to prepare surfaces that may repel liquids other than water. For example, there has been substantial progress in developing superoleophobic substrates that repel oil[@b23][@b24][@b25][@b26][@b27][@b28][@b29]. Such surfaces are gaining large importance for their wide applications in several disciplines[@b30][@b31].

To prepare either superhydrophobic or superoleophobic surfaces, one necessarily requires to engineer an irreversible artificial micro-nano-texturing of the surface. In this study, we demonstrate, on the contrary, that we can make a glass surface, placed inside water, superoleophobic by merely altering the properties of the water, i.e., by changing the surfactant concentration of the water (in which the oil is dispersed). Hence, it is possible to obtain surfaces with high liquid-repellency without requiring any permanent engineering of the substrate. Certain oils in dispersed state in de-ionized (DI) water exhibit obtuse contact angles on the glass[@b27]. There have been other studies, which report under-water superoleophobic surfaces with contact angles of more than 160° and roll off angles of few degrees[@b23][@b24]. However, in this study we demonstrate contact angles (\~180°) that are significantly larger. In fact, we observe a close to perfect rolling behavior with modified roll-off angles of merely a few fractions of a degree. Here the liquid-repellency of the substrate is characterized by modified roll-off angle, which is somewhat different from the classical roll-off angle[@b23][@b24]. In the present case, on tilting the substrate, the oil drop, being under water, is subjected to a water advection force (on account of the pressure difference across the two sides of the oil drop). The height of the water column being much larger than the drop height, it is this advection force that triggers the roll-off behavior of the drop by overcoming the adhesion force between the drop and the substrate. Therefore, this roll-off behavior is slightly different from the conventional roll-off behavior that occurs due to the interplay between the gravitational force and the adhesion force. Here the effect of the gravitational force is implicitly present in triggering the pressure difference and the advection force. Therefore, we call this roll-off behavior as the modified roll-off behavior and the corresponding tilting angle as the modified roll-off angle.

The fundamental reason for achieving such remarkably large contact angles is the surface adsorption of the surfactant molecules that induce "pillar" like structures (see [Fig. 1e](#f1){ref-type="fig"}) with which the oil droplets interact to attain stable Cassie-Baxter (CB)[@b32] conformations, triggering such unprecedented under-water superoleophobic behavior. At lesser surfactant concentrations, when such "pillar" densities are less, a transition from the CB to the Wenzel (Wn) state[@b33][@b34][@b35][@b36] occurs over a finite time that is a function of the surfactant concentration, dictated by the possible entropic effects (steric stabilization[@b37]) and van der Waals (vdW) interactions. It is to be noted that even though there have been studies that illustrate the effect of surfactant on varying the substrate wettability (in particular for originally superhydrophobic surfaces[@b38][@b39][@b40], illustrating a lowering in hydrophobicity with adsorption of the surfactant), this unique regime of attainment of surfactant-mediated extreme under-water superoleophobicity on originally untreated surfaces has not been explored.

Results
=======

We first prepare a solution of non-ionic surfactant (using Tween 20 surfactant in DI water) of different concentrations *c* (ranging between 10 μM--800 μM; CMC or the critical micelle concentration for Tween 20 is 60 μM, see [Figure 1g](#f1){ref-type="fig"} for the graphical formula of Tween 20). We put this surfactant solution inside a glass cuvette and place a thoroughly cleaned glass slide inside this solution at the bottom of the cuvette \[see the figure in the inset (a) of [Supp. Figure S1](#s1){ref-type="supplementary-material"}\]. Depending on the concentration of the surfactant solution, there will be a given packing (and a resulting pattern) of the adsorbed surfactant molecules on this glass slide \[see the AFM results in [Figure 2](#f2){ref-type="fig"}, [Suppl. Figures S4,S5](#s1){ref-type="supplementary-material"}; for a detailed discussion on how the Tween 20 structure and the wettability of the different segments of Tween 20 molecules (relative to the solid wettability) may affect present study, please refer to [Supplementary Information sections 2 and 3](#s1){ref-type="supplementary-material"}\]. We then dispense an oil drop of fixed volume of 2 μl (we keep the volume small so that the drop radius is substantially smaller than the corresponding capillary length calculated using the oil-water surface tension and the oil density) from the air-water interface of the cuvette, i.e., from a certain height *h* (\~25 mm) (see [Supp. Figure S1](#s1){ref-type="supplementary-material"} and the *Method* section for the reason of selection of such an unconventional drop deposition method; also see [Supplementary Movies 1 and 2](#s1){ref-type="supplementary-material"} for the difficulties associated with the conventional drop deposition technique[@b24] for the present case). The oil is silicon oil (density: 1100 kg/m^3^), which is heavier than water and hence the oil drop falls inside the liquid column and the velocity with which the drop impacts the glass substrate (and the resultant Weber number) is a function of the different forces acting on the falling oil drop. For the present case, the Weber number is small enough to ensure that after the impact, the drop does not bounce off, even though the surface has extremely low energy with respect to the impacting drop (see the [Supplementary Information section 1](#s1){ref-type="supplementary-material"} for the necessary calculations; also see [Supplementary Movie 3](#s1){ref-type="supplementary-material"}). Alternatively, the impacting speed of the drop is small enough to ensure that the drop forms a composite interface[@b41], or equivalently a CB state (see the [Supplementary Information section 1](#s1){ref-type="supplementary-material"}). Therefore, a given drop first deposits and rests on the surfactant-covered glass substrate in a CB-state. This state gets triggered as the surfactants adsorbed at the glass and at the oil-water interface interact, forming hypothetical "pillar"-like structures on which the oil drop will rest (see [Figs. 1d,e](#f1){ref-type="fig"}). Three things are not considered in the simplified picture of surfactant-mediated "pillar" formation. First, in [Figs. 1d,e](#f1){ref-type="fig"}, we do not consider the relative orientation of the hydrophobic and the hydrophilic components of the surfactant molecules in conjunction with the wettability of the glass surface (in [Supplementary Information section 2](#s1){ref-type="supplementary-material"} and [Supp. Figure S2](#s1){ref-type="supplementary-material"}, we illustrate this issue). Second, we do not account for the alteration of the structure of these "pillars" on account of the presence of three ethylene oxide side chains of the Tween 20 molecule (in [Supplementary Information section 3](#s1){ref-type="supplementary-material"} and [Supp. Figure S3](#s1){ref-type="supplementary-material"}, we illustrate this issue). Third, mostly relevant for very large bulk surfactant concentration values (i.e., *c* ≫ *c*~CMC~), the surfactants may get adsorbed on the solid as hemi-micelles[@b42], so that the hypothetical "pillar" structures would be different from that proposed in [Figure 1e](#f1){ref-type="fig"} and [Supp. Figures S2, S3](#s1){ref-type="supplementary-material"}. However, as has been discussed in [Supplementary Information sections 2 and 3](#s1){ref-type="supplementary-material"}, even when such modifications are taken into account, the drop conforms to a CB-like state.

The fact that the drop always attains a CB state at the outset ensures that it demonstrates a point contact at the start (see later for explanation), and then over a time Δ*t*, spreads and attains the contact angle (see the *Method* section for more analysis on this transition; also see [Supplementary Movie 3](#s1){ref-type="supplementary-material"}). In [Figures 1a--c](#f1){ref-type="fig"}, we depict the equilibrium drop conformations, the contact angle, and Δ*t* for different surfactant concentrations. For lesser value of surfactant concentration (*c* \< *c*~CMC~, or *c* \~ *c*~CMC~), there is a finite value of this time Δ*t* (indicating that the drop spreads), whereas for larger surfactant concentration (*c* ≫ *c*~CMC~), there is no spreading at all (and hence no finite Δ*t*). In fact, at such *c* values (*c* ≫ *c*~CMC~), the drop continues to remain in the CB state, i.e., at equilibrium it is in a conformation of close to a point contact, and the corresponding modified roll off angle is only a few fractions (\~1/12^th^) of a degree (for more details please refer to the *Method* section; also see [Supplementary Movie 4](#s1){ref-type="supplementary-material"}).

[Figures 2a--d](#f2){ref-type="fig"} show the AFM height trace images of the glass surface with adsorbed surfactants for different surfactant concentrations for a scan area of 1 μm × 1 μm (also see [Supp. Figures S4--S6](#s1){ref-type="supplementary-material"} and [Supplementary Information section 5](#s1){ref-type="supplementary-material"}). All the AFM images are obtained with the glass substrate immersed inside the water. Increase in the surfactant concentration shows an increase in the average deposition, clearly depicting a more enhanced adsorption of the surfactant molecules. Surfactant molecules (at the solid and at the oil-water interface) are hypothesized to form pillar-like structures (see [Figure 1e](#f1){ref-type="fig"}) that enforce the oil drop into CB-like conformation, and the subsequent transition. Parameters pertaining to these hypothetical pillars that dictate these dynamics (see later) are pitch *P*, height *H* and width *D* (see [Figure 1e](#f1){ref-type="fig"}). It is found that *H* \< 1 nm or *H* \~ 1 nm for small and intermediate concentration (see [Figures 2b,c](#f2){ref-type="fig"} and [Supp. Figures S5,S6](#s1){ref-type="supplementary-material"}) and *H* \> 1 nm for a very large concentration (see [Figure 2d](#f2){ref-type="fig"} and [Supp. Figure S4](#s1){ref-type="supplementary-material"}). The most important parameter is the pitch *P*, which dictates the droop height δ, and accordingly the transition (or no-transition) behavior (see [Figure 1e](#f1){ref-type="fig"} and discussions later). For a large surfactant concentration (*c* = 400 μM), *P* \~ 10 nm. But for a smaller concentration (*c* = 30 μM), the pitch values are around 1 μm (see [Supp. Figure S6](#s1){ref-type="supplementary-material"}). In [Supplementary Information section 5](#s1){ref-type="supplementary-material"} and [Supp. Figures S4--S6](#s1){ref-type="supplementary-material"}, we provide detailed analysis on the technique used to obtain these parameters from the AFM images.

Discussion
==========

The key point to discuss here is the mechanism of such under-water superoleophobic behavior of a glass surface in presence of a surfactant-rich aqueous solution. Large bulk concentration of surfactant will lead to a significant surfactant adsorption at the glass surface. Also there will be surfactant molecules adsorbed on the oil-water interface (see [Figure 1d](#f1){ref-type="fig"}). Irrespective of the surfactant concentration, when the oil drop touches the surface, it is always in a conformation of close to a point contact (i.e., the contact angle is very large \~180°), and there is no instantaneous spreading. This is primarily due to the triggering of a CB state, as depicted in [Figure 1e](#f1){ref-type="fig"}. [Figure 1e](#f1){ref-type="fig"} shows that the surfactants primarily adsorb on the glass surface as monomers and interact with the monomeric layer of surfactants at the oil-water interface to trigger hypothetical "pillar"-like structures that induce this CB state. There may be three different types of modifications, as compared to the simplified picture illustrated in [Figure 1e](#f1){ref-type="fig"}. These modifications, occurring due to the consideration of interplay between the solid wettability and the wettabilities of the different parts of the Tween 20 molecule (see [Supplementary Information section 2](#s1){ref-type="supplementary-material"} and [Supp. Figure S2](#s1){ref-type="supplementary-material"}), or the consideration of the branched structure of the Tween 20 molecule (see [Supplementary Information section 3](#s1){ref-type="supplementary-material"} and [Supp. Figure S3](#s1){ref-type="supplementary-material"}), or the consideration of surfactant adsorbing on the glass as hemi-micelles for large values of bulk concentration (see [Supplementary Information section 3](#s1){ref-type="supplementary-material"} and Ref. [@b42]) will also lead to CB states.

For the proposed "pillar" structure introduced by the interacting surfactant molecules (see [Figure 1e](#f1){ref-type="fig"}), the CB state encountered by the oil drop can be characterized by the corresponding contact angle θ~CB~, expressed as[@b41]: where θ~Y~ is the Young\'s contact angle and *D* and *P* are the parameters associated with the "pillar" configuration (see [Figure 1e](#f1){ref-type="fig"}). Eq. (1) can be approximated to remain unaltered in case one accounts for the variation in the surfactant orientation due to the interplay between the solid wettability and the wettabilities of the different parts of the Tween 20 molecule (see [Supplementary Information section 2](#s1){ref-type="supplementary-material"} and [Supp. Figure S2](#s1){ref-type="supplementary-material"}). Eq. (1), however, does not account for branched nature (containing 3 ethylene oxide side chains) of the Tween 20 molecule. Presence of such side chains would imply a modification of the proposed "pillar"-like structure (the pillars would now demonstrate hierarchical structures, as proposed by Bhushan et al.[@b43]), which would modify the expression for the contact angle θ~CB~ as (see [Supplementary Information section 3](#s1){ref-type="supplementary-material"} and [Supp. Figure S3](#s1){ref-type="supplementary-material"} for derivation): where *n~sc~* is the number of side chains (for each Tween 20 molecule) and *d~sc~* and *h~sc~* are the dimensions of the hierarchical structures (of the hypothetical "pillars") formed by these side chains (please see [Supp. Figure S3](#s1){ref-type="supplementary-material"}). For all the cases studied here *D* ≪ *P*, *d~sc~* ≪ *P* and *h~sc~* ≪ *P*. Therefore, from either Eq. (1) or Eq. (2), we may write cos*θ*~CB~ ≈ −1. This indicates that at the CB state, which the drop invariably experiences immediately after coming in contact with the surface, the drop must have an extremely large contact angle (\~180°), ensuring a conformation of close to a point contact. The drop continues to stay in this conformation for some finite duration before gradually spreading to attain its equilibrium configuration. Please note that such spreading indicates a transition from the CB state to the Wenzel (Wn) state. This transition (characterized by a finite transition time Δ*t*) occurs for low to intermediate surfactant concentration (*c* ≤ 100 μM) (see [Figure 1c](#f1){ref-type="fig"}). However, for larger concentration this initial CB state is extremely stable ensuring that the equilibrium configuration of the drop is *this* CB state with a contact angle \~180°, affirming the surfactant-mediated under-water superoleophobic picture. We shall discuss the detailed dynamics of this transition (or no transition) later. First, we shall explain the variation of contact angle (induced by the spreading or CB-to-Wn transition) as a function of the surfactant concentration. The Wn state of the oil drop on the glass substrate with the "pillar" structures proposed in [Figure 1e](#f1){ref-type="fig"} or [Supp. Figure S2](#s1){ref-type="supplementary-material"}, can be characterized by the corresponding contact angle θ~Wn~, expressed as[@b41]: where, as in Eq. (1), *D*, *P* and *H* are the parameters associated with the "pillar" formation (see [Fig. 1e](#f1){ref-type="fig"}). Like Eq. (1), Eq. (3) also does not account for the alteration in the "pillar"-like structure on account of the ethylene oxide side chains of the Tween 20 surfactant molecules. In case such structural details (which would lead to hierarchical "pillar"-like structures) are accounted for, contact angle θ~Wn~ can be expressed as (see [Supplementary Information section 3](#s1){ref-type="supplementary-material"}): Therefore, for small concentration of surfactant (*c* \< *c*~CMC~), where *D* ≪ *P*, *H* ≪ *P*, *d~sc~* ≪ *P* and *h~sc~* ≪ *P*, from either Eq. (3) or Eq. (4), we may write cos*θ*~Wn~≈ cos*θ*~Y~, i.e., the drop contact angle in the Wn state is identical to the Young\'s contact angle for the drop, which can be expressed as: where *γ*~so~, *γ*~sw~ and *γ*~ow~ are the solid-oil, solid-water and oil-water interfacial surface tensions. For *c* \< *c*~CMC~, increase in *c* decreases *γ*~ow~[@b44][@b45], and accordingly decreases the obtuse angle value of *θ*~Y~. Therefore, for *c* \< *c*~CMC~, increase in *c* decreases the angle (*θ*~Wn~≈*θ*~Y~) of the drop (see [Figures 1a,b](#f1){ref-type="fig"}). However, for *c* \> *c*~CMC~ increase in *c* has no effect on *γ*~ow~. On the contrary, for such *c* values, increase in *c* decreases the pitch *P.* Accordingly, the *prefactor* (1 + πDH/P^2^) in Eq. (3) or the *prefactor* (1 + πDH/P^2^ + 2π*n~sc~d~sc~h~sc~*/P^2^) in Eq. (4) increases, ensuring an increase in the obtuse angle value of θ~Wn~ with *c* for *c* \> *c*~CMC~ (see [Figures 1a,b](#f1){ref-type="fig"}). This monotonic increase of the contact angle for *c* \> *c*~CMC~ continues until the surfactant concentration is large enough to ascertain that there is no CB-to-Wn transition, and the drop equilibrates at the under-water superoleophobic CB state. We would like to mention here that for very large values of surfactant bulk concentration (*c* ≫ *c*~CMC~, e.g., *c* = 400 μM), surfactants may adsorb on the under-water glass surface as hemi-micelles (as described in Ref. [@b42]). In such a case the surfactant-mediated "pillar" configurations are not the same as illustrated in [Fig. 1e](#f1){ref-type="fig"} and [Supp. Figures S2, S3](#s1){ref-type="supplementary-material"}. Consequently, the quantification of the equilibrium Cassie-Baxter and Wenzel states would be different than that expressed in Eqs. (1--4), although the qualitative dependences of the angles on the different parameters pertaining to the "pillars" would remain unaffected, thereby ensuring that our theoretical hypothesis remains valid (see [Supplementary Information section 3](#s1){ref-type="supplementary-material"} for more relevant discussions).

The demarcation between the transition and the no-transition regimes (or wetting and rolling zones in [Figures 1b,c](#f1){ref-type="fig"}) is characterized by the droop height δ in the initial CB conformation of the drop (see [Figure 1e](#f1){ref-type="fig"}). This height can be expressed as[@b41]: where *R* is the radius of the drop. This droop height remains independent of exact structural characteristic of the Tween 20 surfactant molecules, i.e., the hierarchical nature (caused by the presence of the ethylene oxide side chains) of the "pillar"-like structures formed by the surfactant molecules. The droop height is also independent of the possible alterations in the surfactant arrangement on account of interplay between the solid wettability and the wettabilities of the different parts of the surfactant molecules. There will be a transition from CB-to-Wn state if δ \> *H*. At low surfactant concentrations, the pitch *P* is large and *H* is small, ensuring that the criterion δ \> *H* is met and there is a transition. However, at higher concentrations (*c* ≫ *c*~CMC~) the pitch *P* is lowered and *H* is enhanced, thereby ensuring that δ \< *H* and hence there is no transition. For example, for *c* = 30 μM, *P* \~ 1 μm (see [Supp. Figure S6](#s1){ref-type="supplementary-material"}), so that δ \~ 1 nm (with *R* \~ 1 mm), whereas for *c* = 400 μM, *P* \~ 10 nm (see [Supp. Figure S4](#s1){ref-type="supplementary-material"}), so that δ \~ 0.0001 nm. On the contrary, for *c* = 30 μM, *H* \< 1 nm (see [Supp. Figure S6](#s1){ref-type="supplementary-material"}), thereby ensuring that δ \< *H*, and hence there can be a transition. For *c* = 400 μM, *H* \> 1 nm (see [Supp. Figure S4](#s1){ref-type="supplementary-material"}), so that δ ≪ *H*, and there is no transition. The values of these parameters, characterizing the surfactant-triggered "pillars", are obtained from the AFM images and the involved procedure has been detailed in [Supplementary Information section 5](#s1){ref-type="supplementary-material"}. However, this approach of demarcating the transition and the no-transition regimes, based on the relative variation of the droop height with respect to the height *H* of the "pillars", cannot successfully explain the dependence of the spreading time Δ*t* on the surfactant concentration *c* ([Figure 1c](#f1){ref-type="fig"}). Rather Δ*t* is obtained from the balance between the deforming Laplace pressure effects and the restoring forces on the oil drop. These restoring forces comprise of the van der Waals interactions and the entropic Steric stabilization effects[@b37] (which has interpenetration and elastic contributions, see [Figure 1f](#f1){ref-type="fig"} and [Supplementary Information section 4](#s1){ref-type="supplementary-material"}) experienced by the surfactant molecules (see [Figure 1f](#f1){ref-type="fig"}). This Δ*t* can be expressed to scale as (see [Supplementary Information section 4](#s1){ref-type="supplementary-material"} for detail derivation): where *ρ*~oil~ and *V*~oil~ are the density and the volume of the oil drop, *N~A~* is the Avogadro number and *k~B~T* is the thermal energy. In Eq. (7), which quantifies the concentration dependence of Δ*t* (see [Figure 1c](#f1){ref-type="fig"}), the term γ~ow~δ represents the contribution of the driving Laplace pressure (causing the transition), whereas the term 10^−3^ *N~A~k~B~TcR*^2^ denotes the contribution of the net retardation effect experienced by the oil drop (caused by the competitive influences of the van der Waals and entropic Steric stabilization[@b37] interactions experienced by the surfactant molecules, see [Figure 1f](#f1){ref-type="fig"}). For an estimation of the magnitude of these two forces, please refer to [Supplementary Information section 4](#s1){ref-type="supplementary-material"}. Eq. (7) demonstrates that the increase in *c* increases Δ*t*, thereby establishing the observations in [Figure 1c](#f1){ref-type="fig"}. Eq. (7) also suggests that beyond a critical *c* value, the steric interactions[@b37] will outweigh the fluidic drive due to Laplace pressure thereby halting the CB-to-Wn transition. This is another reason for which one observes no transition beyond a certain surfactant concentration. Also for *c* \< *c*~CMC~, increase in *c* reduces γ~ow~[@b44][@b45], thereby leading to an increase in Δ*t*. Typically, for *c* = 100 μM, γ~ow~ \~ 0.01 N/m[@b46] so that with ρ~oil~ \~ 1000 kg/m^3^ and V~oil~ \~ 1 μl, we get Δ*t* \~ 10 *s*, i.e., a time scale of similar order as predicted by the experiments ([Figure 1c](#f1){ref-type="fig"}).

We would like to mention here that the Marangoni effect does not play any role in the spreading of the oil drop (which we conjecture to be a manifestation of CB-to-Wn transition) in our experiments. Surfactant-concentration-imbalance-driven Marangoni flow has been known to lead to spreading of drops[@b47][@b48] -- however, such spreading becomes possible only when there exists a precursor film and the drop has small (oleophilic or hydrophilic) contact angles[@b47][@b48]. Such a possibility being absent in the present case (since the oil drop exhibits a large oleophobic contact angle from outset), Marangoni flow is not affecting the drop spreading, or the possible redistribution of the coverage density of the surfactants close to the contact line.

We have demonstrated that a simple glass surface, placed inside water, can be made superoleophobic, with extremely large contact angles (\~180°) and very small modified roll off angles (\~1/12^th^ of a degree) by merely changing the surfactant content of the water (in which the oil is dispersed). This occurs as the oil droplet (dispersed in water) experiences an extremely stable Cassie-Baxter state in presence of large concentration of adsorbed surfactant molecules at a surfactant content (of the water) much larger than the CMC. This is a new approach of creating low energy surfaces, in the light of the fact that such surfaces have earlier been invariably prepared by irreversible engineering (micro-nano texturing) of the substrates. On the contrary in this proposed approach, there is an inherent reversibility in the sense that one can regenerate the original glass surface by removing the adsorbed surfactant. Most importantly, the study demonstrates for the first time the possibility of achieving low energy surfaces by merely working with the solvent, without engineering/texturing the surface.

Methods
=======

Materials
---------

For the experiments, we use microscopic glass slides (Fisherbrand-12-550-A3), deionized (DI) water (PURELAB Ultra, ELGA), silicon oil (Cargille Inc., USA-20130) and Tween 20 surfactant (Sigma-Aldrich,-P7949).

Preparation of the glass substrates
-----------------------------------

We dice glass substrates of specific sizes (\~25 mm × 25 mm) from the glass slides, clean them using Piranha solution (3:1 mixture H~2~SO~4~ with H~2~O~2~) and subsequently dry them using nitrogen gas. The standard piranha cleaning procedure has been used to clean the glass substrate[@b49]. After the piranha cleaning process, the glass substrate was placed in the dump rinser (Microkleen Rinse by WAFAB) for 5 cycles (with each cycle being approximately 3 minutes long) to rinse with the deionized water. Such elaborate rinsing procedure is necessary to ensure that there is no contamination on the glass.

Preparation of the surfactant solution
--------------------------------------

We prepare surfactant solutions of different concentrations by mixing appropriate quantities of Tween 20 with DI water. This DI water is prepared using the ELGA system.

Immersion of the glass substrate in surfactant solution
-------------------------------------------------------

We pour 40 ml surfactant solution of a given concentration into a distortion-free cuvette (Krüss Germany, SC-02) of dimension 40 mm × 40 mm × 30 mm (see the inset of [Supp. Figure S1](#s1){ref-type="supplementary-material"}). The surfactant solution level is maintained at a height of *h* \~ 25 mm inside the cuvette (see [Supp. Figure S1](#s1){ref-type="supplementary-material"}). We carefully place the glass substrate inside the cuvette using a tweezer. Before starting the drop deposition, we allow sufficient time to ensure that the surfactant molecules had adsorbed on the glass substrate, and equilibrium has been attained. Also after completing each set of experiments, we always wash and rinse the cuvette with DI water several times, and subsequently dry it with nitrogen gas.

Drop deposition
---------------

We first fill a glass syringe (Krüss, Germany, SY20, volume = 500 μl) with silicone oil (Cargille Laboratories Inc., Cedar Grove, NJ, USA; ρ~oil~ = 1100 kg/m^3^). Then, we insert the stainless steel needle (Krüss, Germany, NE 43, diameter = 0.8 mm) of this syringe inside the cuvette that is filled with the surfactant solution. Subsequently, we generate an oil drop of volume of 2 μl at the tip of the needle. In this position, we gradually draw the needle out of the liquid bath (of the cuvette). The moment the tip of the needle hits the air-water interface, the oil drop gets detached from the needle and is deposited on the glass substrate (instantaneously after such deposition, the oil drop, irrespective of the surfactant concentration, is in a CB state with contact angle close to 180°, see main text for more discussions). We practice this method of drop deposition, primarily motivated by the immense difficulties associated with the conventional drop deposition technique[@b24] for the present case (see [Supplementary Movies 1 and 2](#s1){ref-type="supplementary-material"}). Such difficulties are primarily attributed to the extremely low surface energy of the substrate with respect to the oil drop. After the drop has been deposited (the drop does not bounce off, as the Weber number is substantially small, see [Supplementary Movie 3](#s1){ref-type="supplementary-material"} and [Supplementary Information section 1](#s1){ref-type="supplementary-material"}), depending on the surfactant concentrations, it may start to spread (i.e., undergo a CB-to-Wn transition, see the main text and the [Supplementary Movie 3](#s1){ref-type="supplementary-material"}), and achieve a contact angle (much lesser than 180°) over a finite time Δ*t*, which varies with the surfactant concentration (see the main text). We capture this transition (a sample representation of this transition is provided in [Supplementary Movie 3](#s1){ref-type="supplementary-material"}) using the imager (capture speed of 8 frames per second) and the drop shape analysis software of the DSA 100 (Krüss, Germany) Contact Angle Measurement System (see [Supp. Figure S1](#s1){ref-type="supplementary-material"} for the complete experimental set up).

Measurement of Δ*t* and the contact angle
-----------------------------------------

As discussed in the main text, depending on the surfactant concentrations, the oil drop after deposition may spread from the initial CB state to the Wn state over a finite time Δ*t* and achieve a finite contact angle. For each value of the surfactant concentration, we measure both the contact angle and the Δ*t* on two glass substrates, with ten readings for each of the glass substrates. The variations of these two parameters, and the corresponding standard errors, are shown in [Figures 1 b,c](#f1){ref-type="fig"}. In [Supplementary Table S1](#s1){ref-type="supplementary-material"}, we provide the actual values of these measurements.

Estimation of modified roll off angles
--------------------------------------

Apart from the measurement of the contact angles, the under-water superoleophobic nature of the surface can be further quantified by determining the corresponding roll off angles[@b24]. In the present study, what we measure is the modified roll off angle (that is slightly different from the conventional roll-off angle). This is particularly useful for the case of large surfactant concentrations (200 μM, 400 μM and 800 μM), where the equilibrium state is the CB state, with contact angles \~180° (see [Fig. 1](#f1){ref-type="fig"}). For these cases, it is difficult to calculate the exact values of the contact angle, and therefore the additional quantification, provided by the corresponding modified roll off angles, is essential to establish the extent of the under-water superoleophobic behavior. For all of these concentration values (200 μM, 400 μM and 800 μM), we find an extremely small modified roll off angle of 1/12^th^ of a degree (\~5 minutes), which establish the under-water superoleophobic nature of the surface (see [Supplementary Movie 4](#s1){ref-type="supplementary-material"} for an illustration of the rolling). We achieve this extremely small inclination angle (which causes this roll off) by using special steel angle gauge blocks (Model-AG18TR, Webber Gage Division, Cleveland, Ohio, USA). We also attempted to check the modified roll off angles for oil droplet corresponding to the smaller surfactant concentrations \[i.e., concentration values at which the oil drop spreads from the initial CB state to attain a finite contact angle (\<180°)\]. For all these cases, we tried up to an inclination of 5° and found no roll-off. Therefore, there is a distinct singularity in the roll-off behavior across an extremely narrow spectrum of the surfactant concentration values -- the reason is identical to the apparent singularities in the variation of the contact angles and Δ*t* values over the same narrow spectrum demarcating the transition and the no-transition (CB-to-Wn) regimes.

Atomic force microscopy (AFM)
-----------------------------

To obtain the surface topography, we perform the *contact mode* AFM analysis using the MFP-3D AFM (Asylum Research Inc. Santa Barbara, CA). We have used the silicon cantilever (OMCL-AC240TS-W2) with aluminum reflex coating and a tip radius of 7 nm, and scan area of 1 μm × 1 μm. All the AFM images are obtained with the glass substrate immersed inside the water, with or without the surfactant. The glass substrates, placed inside the water and having different surfactant coverage, are prepared in exactly the same manner as that in the main experiments (see above). We provide the AFM height trace images for these surfactant-covered surfaces, for different surfactant concentration values. For more discussions on the method of determining parameters pertaining to the hypothetical "pillars" from the AFM images, and other related issues on AFM measurements kindly refer to [Supplementary Information section 5](#s1){ref-type="supplementary-material"}.
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![Superoleophobic behavior of the glass.\
(a) Snapshots of the equilibrium configurations of the oil drop for different surfactant concentrations *c*. Below each image of the drop we provide in parentheses the Δ*t* values needed for the drop to attain the equilibrium state from its initial state (for cases where the initial and equilibrium states of the drop are identical, we do not provide this value). Instantly after the deposition, the drop corresponding to each *c* has the configuration identical to the equilibrium configuration corresponding to *c* = 200 μM. The equilibrium configuration for all *c* \> 200 μM is same as that corresponding to *c* = 200 μM. (b) Variation of the contact angle of the oil drop with the surfactant concentration. (c) Variation of the spreading time (Δ*t*) with the surfactant concentration. In \[(b), (c)\] we also show the corresponding standard error and the "rolling zone" (or the zone where the oil drop remains in stable CB state), where there is no spreading time and the contact angle is \~180°. (d) Schematic of the falling drop (with surfactant at the oil-water interface) on the solid (with adsorbed surfactant molecules). (e) Schematic showing the "pillar" formation (responsible for oil drop to be in CB state), and the droop δ. Possible deviations from such simplified "pillar" structures, on account of interplay of wettabilities of different segments (hydrophobic or hydrophilic) of the Tween 20 molecules with the solid wettability, or the structural characteristics of Tween 20 molecules, are discussed in [Figs. S2 and S3](#s1){ref-type="supplementary-material"} and [Supplementary Information sections 2 and 3](#s1){ref-type="supplementary-material"}. (f) Schematic of the surfactant orientation in (top) *interpenetration* domain and (bottom) *compressive* domain, representing entropic interactions. Error bars \[in (b) and (c)\] are the standard errors obtained from the Standard Deviation analysis of the data. (g) Graphical formula of the Tween 20 molecule[@b50].](srep01862-f1){#f1}

![AFM results for glass substrates with adsorbed surfactant at different surfactant concentrations.\
AFM height trace images (for 1 μm × 1 μm scan area) of glass substrates with adsorbed surfactants for (a) *c* = 0, (b) *c* = 30 μM, (c) *c* = 100 μM and (d) *c* = 400 μM. All the images are taken with the glass substrate immersed inside water.](srep01862-f2){#f2}
